Controlling soil erosion and the transport and deposition of suspended sediment to receiving waters, especially in relation to the modifying influences of, and interplay between, climate and land-use alterations, is essential for effective watershed management. The Atlantic Canada-New England region is expected to experience elevated rainfall erosivity due to climate change over the next century. Using the projected higher precipitation amounts of 5% and 10% for future scenarios of 5 and 25 years for the region, and a spatially-explicit, integrated (GIS, RUSLE) model for a rural watershed in Nova Scotia, predicted increases in total erosion rates of 4.9 and 9.9%, respectively. Modelled scenarios altering buffer strips based on either consistent or slope-variable widths between 30 m (the legal requirement) to 90 m were found to correspond to reductions in predicted total watershed erosion rates from 11% to 32%. Assuming and extending the 1:1 concordance between projected precipitation and estimated soil erosion for this particular watershed into the more distant future of 26 to 55 years, suggests that the 25% increase in soil erosion predicted over this period would have to be offset by expanding the protective buffer strips to a consistent width of 70 m. Adoption of such a protective management scheme would subsume 19% of the terrestrial area of the study watershed and thus consequent reductions in land available for agricultural production and timber harvest.
Introduction
Understanding the interplay between climate and land-use management factors related to soil erosion is essential to achieving the long-term sustainable management of forested and agricultural ecosystems [1] . Controlling soil erosion and the transport and deposition of suspended sediment to receiving waters is recognized as being one of the most important tools of effective watershed management [2] [3] . In particular, because phosphorus can be transported through movement of soil particles, and because it is often the element limiting freshwater productivity, predictions of potential erosion and thus nutrient export are critical for managing aquatic eutrophication [4] .
Soil erosion rates are susceptible to changes in climate, in particular to alterations in rainfall [5] [6] [7] [8] [9] , due to the erosive force of rain being directly related to both surface and interrill erosion [10] [11] . But climate alone is of course not the sole determinant of the mechanisms and magnitude of soil erosion. This is because many of those watersheds in which we are most interested in predicting erosion are also those that are characterized by the presence of human activity. It is therefore essential to understand how changes in regional climate act either in synergy or in opposition to local landscape modifications.
For, as Hatfield and Prueger [8] aptly phrase it, "Changing precipitation patterns and intensity under climate change scenarios could have a major impact on the response of various management practices." One example of this is Blais et al.'s [12] study of sediment deposition rates in northwestern Ontario lakes. Here the authors determined that the effects of regional drought on decreasing erosion completely superseded any increases in erosion brought about by forestry operations (watershed clearcutting and road construction), thereby moderating the potential deleterious impacts of the latter. But in those regions where climate change models predict increases rather than decreases in rainfall, and thus predict elevated soil erosivity, it is meritorious to exhibit heightened concern about the long-term health of aquatic resources due to the potential for acerbating problems already ensuing from possibly less-than-perfect practices of land-use management. In such cases, there will be a need to implement best management practices (BMPs) in order to ensure the protection of aquatic integrity.
Few BMPs deliver more ecosystem goods and services per unit areal coverage than do riparian buffer strips [13] [14] , particularly in relation to reducing the transport and deposition of soil to otherwise threatened lakes and rivers, such as those in Canada [10] [26] . In a comprehensive review, Capron et al. [27] identify riparian ecosystems as being those landscapes that will be in particular need for adapting human activities in the face of climate change. One obvious Journal of Geoscience and Environment Protection land-use decision that needs to be considered, therefore, for Atlantic Canada and elsewhere, concerns whether existing recommendations about the width of protective buffer strips will have to be reexamined in order to mitigate the threat of increased erosion predicted for certain regions under the auspices of climate change.
Models of soil erosion in response to climate change predictions have existed for more than a decade [28] [7] . And these have been undertaken on different scales of resolution, ranging from regions [5] , to large areas [6] , to specific locations on simulated landscape typologies [29] . One of the most useful approaches in comprehensive nutrient management planning on a watershed scale has proven to be the geo-spatial application of erosion models through geographic information system (GIS) analyses [30] [31] . In particular, the integration of the long established and revised universal soil loss equation (RUSLE) with spatially explicit mapping through GIS analysis promises to generate the most accurate predictions of soil erosion for watersheds [32] [33] [34] .
The Atlantic Canada-New England bioregion is predicted to experience increases in rainfall erosivity consequent with climate change over the next century [5] . Further, due to presence of a thin glacial overburden of easily dislodged soils, lakes and rivers in these watersheds are sensitive to a variety of anthropogenic landscape disturbances [35] [36] [37] . This has led to a growing number of geo-spatial and modelling studies of soil erosion and nutrient export in the region [38] - [44] .
The purpose of the present study was to investigate potential changes in the magnitude of soil erosion for a small watershed in Nova Scotia, Canada in response to alterations in climate (precipitation amount) and land-use management (buffer strip allocation) through use of an integrated, spatially-explicit model based on application of the RUSLE and GIS analysis.
Materials and Methods

Study Area
We applied climate change projections of altered annual precipitation and of hypothesized land-use alterations of buffer strip widths to the North River wa- Riparian slopes are also gentle, with an overall mean surface slope of 9% and the large majority being less than 15%. Until about a quarter of a century ago, forests Journal of Geoscience and Environment Protection accounted for 80% of the land cover in the North River watershed, dominated by softwoods (spruces and firs), followed by hardwoods (maples), and mixed stands [47] . Since then, the extent of forest cover has decreased, with 60% of the total Zhang [48] conducted a preliminary investigation of the regional susceptibility for erosion for Colchester County, as determined through GIS analysis [48] ( Table 1 ; Figure 8 ). The purpose of the present study was to follow-up on this earlier work by zooming into one particular section of the County, the North River watershed, in order to specifically model the effects of simulated climate change and land use modification on estimated soil erosion rates. The North
River watershed was selected in this regard due to it being the subject of extensive study in terms of its hydrology ( [45] [46] and more than a dozen government "gray literature" reports cited therein) and soil characteristics [47] . The soil parent material is glacially derived, with clay till, sandy till, and glaciofluvial sands and gravels, covering, respectively, 50%, 30%, and 20% of the surface area.
All upland soils are regarded as podzols.
Colchester County, Nova Scotia is considered to be have a humid and tempe- Figure 8 . Mosaic of preliminary estimates of spatially-explicit soil erosion susceptibility for Colchester County, Nova Scotia (which contains the North River watershed). Classification categories pertain to Class 1 = No susceptibility (light yellow); Class 2 = Very low susceptibility (yellow/orange); Class 3 = Low susceptibility (light orange); Class 4 = Medium to low susceptibility (medium orange); Class 5 = Medium susceptibility (dark orange); Class 6 = Medium to high susceptibility (orange/red); Class 7 = High susceptibility (red); and Class 8 = Very high susceptibility (dark red). Actual soil loss rates for these categories are provided in Table 1 . Source: [48] . Much of the Salmon River watershed (lower left, south-east corner of the County) has erosion rankings of Classes 1 to 3 (i.e. No to Low susceptibilities), whereas portions of the North River watershed (upper, north-central portion of the County) has erosion rankings of Classes 5 to 7 (i.e. Medium to High susceptibilities). Journal of Geoscience and Environment Protection those months of 50 mm) (Environment Canada, online meteorological data).
The watershed, and particularly the terminus coastal town of Truro-Bible Hill where it joins with the Salmon River, have experienced substantial flooding [45] [46], serious enough in the last half decade to garner extensive national press and necessitating the consideration of mitigation measures. Most significantly, the recent generation of a province-wide watershed assessment framework [49] identified several of the watersheds in Colchester County, including that of North River, as being those ranked with the highest proportion of erodible soil in relation to land-use, and consequently the highest and second-highest threat to both surface erosion and ensuing water quality.
Soil Erosion Model
The model used in this project is based on the Revised Universal Soil Loss Equation (RUSLE) [2] [50] [51] . The RUSLE model includes the parameters of R (rainfall), K (soil erodibility), L (slope length), S (slope steepness), C (cover management), and sometimes P (support practices; not used in the present case).
The climatic factor (R) refers to the mean annual summation of individual storm erosion index values and is related to the total kinetic energy in maximum 30 minutes rainfall intensity [52] . The R factor was calculated using the standard equation:
( )( ) and can be divided into 24 soil more specific associations depending on parent material, landform, location, and texture [47] . Therefore, the K factor for each soil association was calculated using the soil erodibility nomograph based on the percent of silt, very find sand, total sand, organic matter, soil structure, and permeability of the soil [56] . The K values of some soils were difficult to determine from the nomograph. Because of this, the standard equation for calculating K value [53] was used, based on the percent of silt, clay and sand, soil structure, organic matter, and permeability data existing for all the 24 soil associations [15] . In both cases, it was assumed that the modeled buffer strips would operate at optimal functionality in terms of eliminating all soil transport, a result consistent with measurements of erosion plumes made in Canadian watersheds of similar topography [17] .
Results
Existing Soil Erosion GIS analysis of the North River watershed revealed the spatial variability of estimated soil erosion (Figure 11 top panel) . The most abundant erosion category was Moderate ( Table 2 ). The total amount of erosion integrated for the entire watershed was estimated to be 465,285 tons yr −1 or 20.9 tons ha −1 yr −1 (Table 3) .
Influence of Climate Change
Increasing the precipitation R factor in the RUSLE model by 5%, thereby representing a scenario of realistically expected immediate and very modest climate change, altered the spatial distribution of estimated erosion in the North River watershed (Figure 11 middle panel) . Compared to existing conditions, the Moderate erosion category decreased and the High and Severe erosion categories increased (Table 2 ). There was an overall 4.9% increase in total watershed erosion to 488,190 tons yr −1 or 21.9 tons ha −1 yr −1 (Table 3) .
Increasing the R factor in the RUSLE model by 10%, thereby representing a realistic climate change scenario for the near future, further altered the spatial distribution of estimated erosion in the North River watershed (Figure 11 bottom panel). Compared to existing conditions, the Moderate erosion category decreased, and the High and Severe erosion categories increased (Table 2 ).
There was an overall 9.9% increase in watershed erosion to 511,437 tons yr −1 or 23.0 tons ha −1 yr −1 (Table 3) .
Influence of Riparian Buffer Strips
The moderate erosion rates calculated for existing conditions for the North
River watershed are partially a reflection of its shallow terrain. Even given this, the BMP of implementing riparian buffer strips of consistent width was found to substantially reduce predicted erosion rates (Table 3) . These results correspond , a decrease in predicted total watershed erosion of 12% from existing conditions. 
Discussion
In comparison with erosion rates ranging from 7 to 70 tons ha − [64] , the present findings suggest that the North River watershed experiences a moderate degree of erosion. The previous studies were conducted using either the RUSLE model or radio-cesium decay methods on specific field locations. The present study, in contrast, is the first to produce an estimate of soil erosion integrated for an entire watershed. That the watershed-level estimate compares well with site-specific radio-cesium measures made for another, nearby Nova Scotia location [54] , gives credence to our belief in the accuracy in the GIS methodology used in the present study. Our spatially-explicit, climate change modelling showed a near 1:1 concordance between forecasted projections of increased precipitation and consequent predicted increases in the extent of erosion for the North River watershed. Increasing precipitation by 5% resulted in increased total watershed erosion rates of 4.9%, and increasing precipitation by 10% corresponded to a 9.9% increase in total watershed erosion. Other, non-spatially-explicit models have shown a wider range of predicted increases in soil erosion due to climate change. For example, Pruski and Nearing [6] found that each 1% increase in precipitation induced either a 0.85%, 2.38%, and 1.66% increase in soil erosion for three simulated climate change scenarios and landscape typologies, for an average increase of 1.7% [7] . They believed that such greater-than-unity increases in erosion from elevated precipitation were due to the non-proportional influence of raindrops on interrill erosion, as consistent with the RUSLE model [30] , although changes in vegetation patterns could certainly have played a moderating role as well.
Our modelled predictions are in agreement with an extensive literature on the functional benefits of riparian buffer strips, including Vaidya et al. [37] , who found progressive protection of water quality for streams in Nova Scotia in relation to increases in the of buffer widths of intact forest.
Land-Use Management Implications
Essential for sustainable resource management is the requirement to compare the influences of realized or predicted changes in climate and of land-use management on watershed erosion in concert. For example, modification of vegetative cover has been found to either mitigate [7] [8] [65] or have no effect [12] on climate change-induced alterations in erosion. The present study suggests that implementation of buffer strips of a consistent width of 30 m would be adequate to negate the higher erosion rates predicted for the near future scenario of increased precipitation over the next 25 years for a Nova Scotia watershed. Assuming and extending the 1:1 concordance between projected precipitation and estimated soil erosion for this particular watershed for the more distant future of the next quarter century (as predicted from the climate change models [66] ),
suggests that the 25% increase in soil erosion over this extended period could be offset only by expanding the protective buffer strip to a consistent width of 70 m. [54] , there may of course be potential economic tradeoffs when watershed BMPs, such as buffer strips [24] , are proscribed. It is understandable that concerns exist among land-use managers about the extent of resources that might be "locked up" in such buffer strip reserves. However, several Canadian GIS studies have shown that these concerns may be exaggerated, at least for non-mountainous areas [15] [26] . The present study suggests that expanding protective buffer strips from the legal requirement of 30 m to an increased width of 70 m will be needed in order to offset projected increases of 25% in soil erosion due to regional climate change over the next half century.
Adopting such a mitigating management scheme would subsume 19% of the terrestrial area of the study watershed, and thus will consequent reductions in the amount of land available for agricultural production and timber harvest.
Maintaining the equivalent degree of environmental protection as presently exists in the face of future climate change will therefore result in economic loses to the resource sector in this particular watershed. As has been frequently described in the popular press in relation to climate-proofing cities, the present findings represent yet another example of how adapting to climate change will come at a cost.
